Background We investigated the effects on intraocular pressure (IOP) and blood pressure (BP) of playing brass and woodwind instruments by monitoring IOP and BP in a representative group of professional musicians under a variety of common playing conditions. Methods IOP and BP measurements were recorded from 37 brass and 15 woodwind instrument players, before and after playing tones of low, middle and high frequency. We also measured IOP and BP before and during playing common exercises of 10 minutes duration, as well as after playing a sustained high-pitched tone, to test for changes in IOP under conditions of maximum effort. Results Playing tones on brass and woodwind instruments causes a temporary elevation in IOP and BP, depending on the tone frequency: brass instrument players showed a significant elevation after playing high and middle frequency tones (p<0.0001) whereas woodwind instrument players showed a significant increase only for high frequencies (e.g., oboe, 17±2.9 mm Hg to 21±4.4 mm Hg; p=0.017). Playing a typical exercise of 10 minutes temporarily increased IOP in both groups of musicians. Finally, playing a sustained tone of high pitch caused a significant elevation in IOP in brass instrument players only (16.6±3.5 mm Hg to 23.3±8.9 mm Hg; p<0.0001). Conclusions The temporary and sometimes dramatic elevations and fluctuations in IOP observed in this study, coupled with daily exposure to instrument play, puts professional wind instrument players at increased risk of developing glaucoma. Consequently, these musicians should be monitored for signs of glaucoma, especially those with co-existing risk factors.
Introduction
Glaucoma, a progressive degeneration of retinal ganglion cell axons and cell bodies, is one of the most common ocular diseases leading to visual impairment and blindness [1, 2] . Although glaucoma is considered to be a complex genetic disease, increased intraocular pressure (IOP) is a critical risk factor (for excellent reviews, see Sultan et al. 2009 and Nassr et al. 2009 [2, 3] ). Despite a lack of understanding of the precise pathological mechanisms leading to glaucoma, many recent studies have given an insight into the underlying etiopathology [4] [5] [6] [7] [8] [9] [10] . Further studies have indicated a correlation between systemic hypertension and open-angle glaucoma, and a positive correlation between blood pressure and IOP [11] [12] [13] [14] .
Pulmonary functions of wind instruments players have been studied extensively in the last 5 decades [15] [16] [17] [18] . Playing wind instruments such as the French horn and trumpet causes cardiovascular changes resulting from blowing long notes or phrases using a single breath [19] [20] [21] [22] [23] , which have been found to be similar to those caused by a classic Valsalva maneuver in tuba players [20, 24] . In contrast, studies by Harris and Larger and Ledoux found that the cardiovascular effects of the Valsalva did not match those of playing high-resistance wind instruments [22, 23] .
Additionally, it has been suggested that playing wind instruments leads to elevated IOP through a rise in intrathoracic pressure and compression of the intrathoracic venous system. It is believed that the rise in venous pressure is transmitted to the choroid via the jugular, orbital and vortex veins, causing vascular engorgement, an increase in the choroidal volume, and a rise in IOP [25, 26] .
Schumann et al. (2000) [26] recorded and compared IOP in high-and low-resistance wind instrument players while playing notes of different volumes and tone pitches. Furthermore, they used ultrasound biomicroscopy to measure uveal thickness in the posterior pars plana of the ciliary body before and during playing. Pneumatonometry showed an IOP elevation that was dependent on the force of blowing. The ultrasound biomicroscopy detected increased uveal thickness associated with IOP elevation, which strengthens the hypothesis of vascular engorgement and an increase in choroidal volume. The magnitude of elevation was found to be dependent on the amount of expiratory resistance provided by the particular instrument, where high-resistance wind instruments (oboe, trumpet) showed significantly higher elevations than low-resistance instruments (clarinet, saxophone). They also showed that high-resistance wind instrument players exhibit a small but significantly greater incidence of visual field loss than other musicians, which is related to life-hours of playing. Schumann et al. (2000) argued that the cumulative effect of long-term intermittent IOP elevation during highresistance wind instrument playing might result in glaucomatous damage, which could be misdiagnosed as normal-tension glaucoma [26] .
The aim of the current study was to determine the effect of playing specific tone pitches (frequencies) on high-and low-resistance brass and woodwind instruments on blood pressure (BP) and IOP under everyday playing conditions. We further recorded the dynamics of BP and IOP during common playing exercises with a length of 10 minutes.
General methods

Subjects
Thirty-seven (30 males, seven females) professional brass instruments players (nine trumpet, 11 horn, ten trombone and seven tuba players) participated in the first part of this study. The mean age was 28.4±8.0 years, with a range of 19-56 years. All subjects had normal general health, and none was using any medications. Twelve subjects were smokers (≥3 cigarettes per day).
The second group of musicians consisted of 15 professional woodwind instrument players (seven oboes, eight clarinets) with a mean age of 26±8.5 years (range 20-54 years). None of these subjects were smokers, and all had normal general health with no medications. All participants gave informed consent to take part in the study, which was performed with approval of the Ethics committee of the Friedrich Schiller University in Jena, Germany. This study adheres to the tenets of the Declaration of Helsinki.
Procedures
Subjects played their own instruments while seated in a room of normal temperature.
IOP was measured with an iCare® rebound tonometer from each subject's accessible eye (right eye for trombone, tuba, clarinet, and oboe; left eye for trumpet and horn). Systolic and diastolic BP was recorded using either a Siemens Sirecust 610 ® on the accessable upper arm (right arm for trumpet and horn; left arm for trombone and tuba) or a Medisana® MTP (right arm for oboe and clarinet).
For the first part of experiment 1, subjects were asked to play a tone of middle frequency (see Table 1 ) with increasing volume (crescendo) and to sustain it for as long as possible. IOP and BP were taken before playing began, immediately after playing ceased, and for a further 2 minutes at 20-second intervals. This was repeated for tones of low and high pitch (Table 1) . Appropriate breaks for To investigate changes in IOP and BP during common playing conditions, musicians were asked to play exercise compositions lasting 10 minutes (Table 2 ). Due to the wide range of brass instruments, each having its own individual gamut and characteristics, different warm-up exercises and compositions were chosen under the supervision of experienced musicians. Nonetheless, we ensured to guarantee similar pitch ranges by determining the tone range (e.g., A-e"'). Baseline values of IOP and BP were taken before play began, and further measurements were recorded at 2-minute intervals during play. To further evaluate the behaviour of BP and IOP after maximum expiratory effort, subjects were asked to choose another high pitch and to sustain it with maximal exertion. IOP measurements were taken during the playing of this tone, directly after playing was ceased, and for a further 4 minutes at 20-second intervals. BP was recorded directly after the high pitch, and for a further 4 minutes at 2-minute intervals.
Statistics
Results here and throughout are expressed as mean ± standard error of the mean. Data were analyzed globally by a non-parametric Friedman test. Wilcoxon tests were used to compare data points within a single condition (e.g., IOP base value vs IOP directly after tone of increasing volume). For statistical analyzes between instruments, Mann-Whitney U tests were performed (e.g., IOP basic value clarinet vs IOP basic value oboe). To test for correlations between IOP and BP, Spearman's rank correlation coefficients were determined. The error bars throughout this paper represent the standard errors.
Experiment 1 -brass instruments
Results
Temporary playing of tones of different frequency
While playing a middle frequency tone in crescendo (mean playing duration 13.2 s±5.17), the mean IOP for brass instrument players (n=7) increased significantly from 16± 3.9 mm Hg to 18.8±3.7 mm Hg (p<0.0001). This is consistent with an elevation rate (ER) of 0.160 mm Hg/ second. Playing the deep pitch led to a significant increase in IOP from 14 Fig. 1 ). The general characteristic in the change of IOP was similar for all three tone frequencies. IOP typically increased during playing, and decreased slowly within 20 seconds after playing ceased, reaching the approximate level of the base value after 2 minutes. Playing tones with increasing volumes resulted in an increase in systolic BP in all conditions (significant for middle frequencies (p=0.014) and deep frequencies (p= 0.003), whereas the diastolic BP usually remained constant. Both BP and IOP typically decreased to the base value after 2 minutes. Data for BP components are not shown graphically in this paper.
Long-term playing
During the long-term condition, where subjects were asked to play a common exercise lasting 10 minutes, the mean IOP increased significantly from 15.2±4.3 mm Hg to 16.6±3.5 mm Hg (p=0.004). During the subsequent tone with maximum intensity, IOP (see Fig. 2 ) shows a significant increase to 23.3±8.9 mm Hg (p<0.0001). Compared to the base value, 23 of 37 brass instrumentalists (62%) showed IOP elevations ≥5 mm Hg, and 15 (41%) showed increases of ≥10 mm Hg. The most dramatic elevations were typically reached while playing the high pitch with maximal effort. Here, 21 (57%) of the musicians reached peak IOP values in the hypertension range, with peak values of up to 51 mm Hg. The outlying cases are separately illustrated as single data points within Fig. 2 (top part) . Although each instrument class played slightly different compositions, the course of changes of IOP consistently followed the same pattern. IOP typically increased within the first 2 minutes and reached a plateau, increased markedly while playing the tone of maximum intensity, and then decreased rapidly to the initial base level after playing ceases.
Systolic and diastolic blood pressure increased significantly from 122.8±15.5 mm Hg (systole; p<0.0001) and 75.5±8.9 mm Hg (Diastole; p<0.0001) to 148.3±17.1 mm Hg and 97.2±16.1 mm Hg respectively. There was no significant increase in BP under conditions of maximum effort. After playing ceased, both systolic and diastolic BP significantly decreased again (128.7±23.7 mm Hg and 72.4±11.5 mm Hg (p < 0.0001), finally reverting to baseline values after 4 minutes.
Correlation between IOP and BP
There was a small but mostly non-significant correlation between systolic BP and IOP. However, an increase in systolic BP was generally accompanied by an increase in IOP.
IOP dynamics separated for brass instrument class
There were no significant differences between highresistance (trumpet and horn; n=20) and low-resistance brass instruments (trombone and tuba; n=17) for short-term playing. However, compared with low-resistance instruments (17.1±4.2 mm Hg and 17.2±3.9 mm Hg), highresistance instruments showed a higher increase in IOP for middle frequency (18.9±3.1 mm Hg) and high frequency tones (19.2±5.3 mm Hg).
IOP dynamics as a function of smoking
Cigarette smoking is positively linked to many systemic diseases and some ocular conditions such as cataract [27] and age-related macular degeneration [28] . There is as yet no clear evidence as to whether smoking cigarettes (i.e., nicotine) leads to increased or decreased IOP. In the Blue Mountain Eye Study, only a modest IOP elevation was found among smokers [29] . A multitude of other casecontrol, cross-sectional and epidemiological studies have failed to establish a direct relationship between cigarette smoking and elevated IOP [11, [30] [31] [32] [33] [34] [35] [36] [37] . Fig. 2 Course of changes in mean IOP for brass instruments during a 10-minute common exercise with a subsequent tone of maximal intensity and volume after 10 minutes. IOP typically increases within 2 minutes, followed by a plateau and then a smooth decrease. Notable outliers are illustrated separately by single data points (top part). The high frequency tone causes a significant elevation of IOP and decreases to base value after 4 minutes Here, we analyzed differences between non-smokers (n= 25) and smokers (n=12). Forty seconds after the playing of a middle frequency tone was ceased, the IOP of smokers (17.7±3.5 mm Hg) was significantly higher (p=0.01) than that of non-smokers (15.6±7.1 mm Hg). At low and middle frequencies and during long-term playing, the IOP of smokers was typically higher. For example, during high, loud tones with maximal effort, IOP was increased up to 26.0±11.5 mm Hg in smokers, and up to 22.0±7.2 mm Hg in non-smokers.
Experiment 2 -woodwind instruments
Results
Temporary playing of tones of different frequency
While playing a middle frequency tone in crescendo, the mean IOP for clarinet players (n=7) increased significantly from 19±3.3 mm Hg to 21±3.3 mm Hg (p=0.034), and increased slightly for oboe players (20±4.0 mm Hg to 21±3.2 mm Hg). Two of eight clarinet players (25%) and two of seven oboists (29%) showed increases of ≥5 mm Hg compared to the base IOP. Two clarinet musicians and one oboist showed elevations of ≥5 mm Hg while playing low frequency pitches. Three (20 %) of all woodwind instrument musicians showed alarming peak values in the ocular hypertension range (IOP>21 mm Hg). Playing the high pitch led to a significant increase in IOP for both instruments, where the mean IOP for the high-resistance wind instrument players (oboe) rose from 17±2.9 mm Hg to 21±4.4 mm Hg (p=0.017) (ER: 0.13 mm Hg/second). The clarinet players showed an elevation of mean IOP from 16±2.7 mm Hg to 18±2.0 mm Hg directly after playing (p=0.05) and 19±2.7 mm Hg after 20 seconds (ER: 0.09 mm Hg/second). Here, one clarinet player and five oboe players (63%) showed dramatic increases of ≥5 mm Hg. Twenty percent of woodwind musicians reached IOP in the hypertension range. Thirteen percent of woodwind instrumentalists showed alarming elevations in IOP, with peak values of up to 29 mm Hg when playing high frequency pitches. The characteristic of the general change of IOP was similar for all three tone frequencies, where IOP typically increased during playing and decreased slowly within 20 seconds after playing ceased, reaching the approximate level of the base value after 2 minutes. Figure 3 shows the fluctuations of the mean IOP with outlying peak values illustrated separately.
The mean systolic BP generally increased when playing began, and returned to the base value after 2 minutes. While playing high pitches on an oboe, a significant elevation of systolic BP from 121±13.0 mm Hg to 131±18.7 mm Hg (p= 0.028) was recorded. The diastolic BP remained constant during observation.
Long-term playing
Neither high-resistance (oboe) nor low-resistance wind instrument (clarinet) players showed a significant elevation in IOP and BP while playing a common exercise of 10 minutes. The mean IOP typically increased within the first 2 minutes, reaching a plateau for several minutes, until reverting to the base value. While playing the high pitch with maximal effort, IOP generally increased and returned to the base value at the end of the measurement procedure. However, two clarinet players (25%) and two oboe players (29%) showed elevations of ≥5 mm Hg. Additionally, an increase of ≥10 mm Hg was measured for two oboists. Twenty-six percent of woodwind instrument players reached peak IOP values in the hypertension range, with a maximum value of 32 mm Hg. The highest elevations were typically reached after the maximum effort task.
A similar pattern of increased pressure within the first minutes of playing, a subsequent plateau and a rapid decrease after the end of playing was found for the systolic BP, whereas the diastolic BP remained relatively constant.
IOP dynamics separated for wood instrument class
There was no significant difference between high-resistance and low-resistance woodwind instruments. Fig. 3 Course of changes in mean IOP for woodwind instruments at three different frequencies. IOP increases dramatically after playing the tone with increasing volume, and typically decreases to the base value. High pitches lead to a significant elevation in IOP. The increase is typically followed by a slow decrease and reaches the base value after 2 minutes. Significant outliers are illustrated separately as single data points
General discussion
Ocular hypertension is recognised as a critical risk factor in the development of open-angle glaucoma [2, 3] . To investigate changes in IOP and BP while playing brass and woodwind instruments, we took measurements of both under a variety of common playing conditions. Professional brass and woodwind instrument players were asked to play tones with increasing volume and intensity in three distinct frequencies (low, middle and high, depending on the gamut; see Table 1 ). In a second experiment, they played a common exercise lasting 10 minutes with a subsequent high pitch tone with maximum effort, to assess the change in IOP and BP during workaday playing conditions. Playing wind instruments has been shown to cause cardiovascular changes [19] [20] [21] [22] [23] similar to those caused by a Valsalva maneuver [24] . It is suggested that a Valsalva maneuver leads to an elevated IOP through a rise in intrathoracic pressure and compression of the intrathoracic venous system. The rise in venous pressure is transmitted to the choroid through the jugular, orbital and vortex veins, causing vascular engorgement, an increase in the choroidal volume and a rise in IOP [26] . Does playing wind instruments cause significant changes in IOP?
Playing sustained tones with increasing intensity is an everyday routine for professional musicians, and is typically one of a series of warm-up exercises.
Our data suggest that playing long sustained tones on brass and woodwind instruments causes a significant temporary elevation in IOP and BP. Brass instrument players showed a significant increase in IOP for low, middle and high frequency tones. The extent of increase is dependent on the frequency of the played tone, as high pitches (ER: 0.284 mm Hg/second) and middle pitches (ER: 0.160 mm Hg/second) lead to a significantly higher elevation than deep tones (ER: 0.159 mm Hg/second). This interdependence was also evident for woodwind instrument players. IOP typically increased in all conditions. However, playing the high pitches caused a significant IOP elevation in oboe players (ER: 0.13 mm Hg/second) and clarinet players (ER: 0.09 mm Hg/second). These findings confirm observations made by Grewal et al. (1995) [38] , who measured IOP in musicians after 1 minute of blowing sustained notes in certain frequencies and found that IOP increased dramatically for high notes, but did not change significantly for low or middle tones.
Due to the significantly higher intraoral pressures that are needed for high-resistance wind instruments (e.g., oboe) [39] , one would intuitively expect higher elevations for this class of instruments. However, significant differences between high-and low-resistance wind instruments, proposed by Schuman et al. (2000) [26] were not evident in our study. Dramatic ERs for both high-resistance and lowresistance wind instruments, as reported by Schuman and colleagues, cannot be verified by our data, which are typically smaller than those proposed by Schuman et al. (2000) [26] . Our focus in this current study was the examination of the change in IOP. Nevertheless, we recorded BP and found an increase in systolic BP, similar to that recently published by Elghozi et al. (2008) [24] .
Previous studies [24, 26] have concentrated on changes in IOP during particular tasks which, in our opinion, do not reflect the normal playing conditions of professional wind musicians. Therefore, we asked subjects to play wellknown compositions that are frequently played during warm-up exercises. Our data typically show an elevation of IOP during the first 2 minutes, followed by a plateau and a then small decrease in IOP. When asked to play a high pitch with maximum effort, the IOP increased dramatically for brass as well as for woodwind instruments, with peak values clearly in the ocular hypertension range.
Although mean IOPs might indicate only moderate risks to wind instrument players, individual peaks in IOP can be dramatic. For clinical purposes, individual IOP profiles are crucial and have to be considered in association to further glaucoma risk factors such as family history or cardiovascular disease. Our findings clearly suggest that professional wind instrument players are a risk group for developing glaucoma due to frequent elevations and, more importantly, large fluctuations in IOP. Because of their daily exposure to conditions similar to those used in this study, wind instrument players merit continuous ophthalmic monitoring for signs of glaucoma, especially those musicians with additional risk factors. It is an important task for clinicians to identify those high-risk patients.
